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AN ATTEMPTED FRACTIONATION OF
THE SOIL PHOSPHORUS
BY L. A. DEAN1
Chemistry Department, Rothamsted Experimental Station, Harpenden
FOR over a century attempts have been made to estimate the available
phosphoric acid in soils by determining the amount dissolved by dilute
or weak acids, and less frequently by salts and alkalis. Generally there
was no evidence that the methods proposed completely extracted a
definite group of compounds. The results were often greatly complicated
by reactions between the acids and the non-phosphatic soil constituents;
thus with dilute solutions of acids a large proportion of the total acid
might be neutralized by calcium carbonate, and with acid soils it was
often found that the amount of phosphorus dissolved diminished with
time through precipitation by activated sesquioxides. Many of the
extraction methods have been intended to reproduce conditions some-
what analogous to the processes which were believed to proceed near the
roots of plants. An alternative method would be to aim at a definite
fractionation of the soil phosphorus compounds and then to endeavour
to interpret the availability of these various fractions by considering
the general composition and environmental conditions of the soil. Such
a fractionation would have to be reasonably complete in the sense that
a repetition of the extractions or minor modifications in the technique
would not seriously affect the amount of a given fraction. If possible
the fractions should be related to known materials.
Russell (1932) grouped the phosphorus compounds occurring in
soils into:
(a) Inorganic phosphorus in neutral soils: probably a calcium
phosphate: hydroxyapatite.
(6) Inorganic phosphorus in acid soils: presumably combinations
with iron and aluminium oxides.
(c) Organic phosphorus compounds.
It is known that solutions sufficiently acid to dissolve calcium
phosphates, such as hydroxyapatite, also dissolve appreciable amounts
of iron phosphates, and that hydroxy-acids, such as citric, dissolve iron
1
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phosphate readily. Potassium carbonate has been used empirically with
some success by Das (1930) and Hockensmith et al. (1933) to determine
the availability of phosphates in highly calcareous soils where the usual
acid extraction methods were unsuitable. In the present 'paper an
attempt was made to combine both an acid and an alkaline extraction
for the purpose of fractionating the soil phosphorus.
SOLUBILITY OF PHOSPHATIC MATERIALS IN SODIUM HYDROXIDE
AND SODIUM CARBONATE
It became necessary at the outset to determine the solubility of
various phosphatic materials in alkaline solutions. Amounts of material
containing 10 mg. P were digested at 95° C. overnight with either 0-25 N
sodium hydroxide or 0-2 N sodium carbonate. The solutions were diluted
to 500 c.c, allowed to stand overnight and suitable aliquots of supernatant
liquid analysed. The extractions of the three calcium phosphates were
also done in the presence of 1 g. of calcium acetate in order to determine
the effect of a considerable excess of calcium (Table I).
Table I. Solubilities of phosphatic materials in sodium
hydroxide and sodium carbonate solutions
Materials used
Monocalcium phosphate
Dicalcium phosphate
Tricalcium phosphate
Hydroxyapatite
Monocalcium phosphate and 1 g. calcium acetate
Dicalcium phosphate and 1 g. calcium acetate
Tricalcium phosphate and 1 g. calcium acetate
Ferric phosphate Fe,O3. P8OS. 2HjO (special
laboratory preparation)
Dufrenite2Fe2O8.P!,O6.3Hi.O
Delvauxite2Fe8O,.P2O6.xHsO
Aluminium phosphate (B.F.H.)
(a) Purchased from Kahlbaum "Fur Analyse". (6) Purchased from British Drug Houses,
(c) Prepared by 6. Tromel. (d) Prepared by L. M. Weyker.
(e) Purchased from Ward's Natural Science (/) Supplied by the British Natural
Establishment. History Museum, South Kensington.
In the sodium carbonate solution, which ensured a low calcium
concentration, the solubility of the calcium phosphates decreased rapidly
with increasing basicity. The addition of a large excess of calcium acetate
reduced the solubility of the mono-, di- and tricalcium phosphates to
about one-third.
•igin
a
a
a
c
a
a
a
d
e
i
mg. P
taken
10
10
10
18-5
10
10
10
10
10
10
10
% total
0-2 N
NajCOa
78
38
10
4
20
13
4
98
99
88
48
P soluble in
A
0-25 N
NaOH
73
28
7
1
0-5
0-2
0-2
99
99
88
100
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236 An Attempted Fractionation of the Soil Phosphorus
In the sodium hydroxide solution, which allowed more of the calcium
from the phosphates to remain in solution, the solubilities of the mono-,
di- and tricalcium phosphates were slightly lower and that of the
hydroxyapatite much lower than in the sodium carbonate solution. In
the presence of an excess of calcium all the calcium phosphates had very
low solubilities in sodium hydroxide. The iron and aluminium phosphates
were almost completely hydrolysed by both alkaline solutions and their
phosphorus was dissolved.
SOIL PHOSPHORUS SOLUBLE IN SODIUM HYDROXIDE
Overnight 5 g. of soil were digested with 100 c.c. of 0-25 N sodium
hydroxide at 95° C. The total alkali-soluble phosphorus was determined
on an aliquot which was evaporated with magnesium nitrate and ignited.
An analytical procedure for the separation of the inorganic from the
organic phosphorus in the alkaline extract was studied. Trials showed
that the coloured extracts could be decolorized, thus facilitating a
colorimetric determination of the free phosphate ions or inorganic
phosphorus by Denige's method (Truog & Meyer, 1929) by acidifying,
filtering off the humus and shaking the nitrate with kieselguhr. Eesults
using this technique showed that a considerable portion of the total
phosphorus in the above extract was not present as free phosphate ions.
This would point towards the existence of an organic phosphorus
fraction. Because this kieselguhr method was tedious and subject to the
objections that there were losses of phosphorus by absorption, the
possibility of using a bromine oxidation similar to that suggested by
Hockensmith et al. (1933) was investigated. A comparison of the results
obtained, using the kieselguhr and the bromine methods on extracts
from widely different soils showed substantial agreement; the mean
difference was —2-6 + 3-6 (Table II). Consequently it was concluded
that there were definite organic and inorganic fractions in the alkali
extract. The amount of phosphorus determined colorimetrically on the
decolorized extract was assumed to be inorganic, and the remaining
phosphorus was assumed to be organic.
The organic and inorganic sodium hydroxide-soluble phosphorus was
determined on thirty-four widely different soils from Great Britain,
Russia, Africa, continental United States and Hawaii (Appendix I). The
statistical analyses (Appendix IIB) showed that the alkali-soluble
inorganic phosphorus decreased significantly with the pH, at the rate
of 7-8 % per unit increase in pS.. There was also some barely significant
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evidence that this percentage also decreased as the carbon increased.
The organic phosphorus increased significantly with the carbon contents
of the soils. In soils of equal carbon content there was a tendency for
acid ones to have a higher organic phosphorus content.
Table II . Comparison of the kieselguhr and bromine methods
' of determining the inorganic alkali-soluble phosphorus
p.p.m. inorganic phosphorus
Soil
1438
1440
1441
1442
1443
1444
1445
3333
3334
3335
3330
3331
3329
3336
2865
2899
( T"
Kieselguhr
method
512
45
145
150
588
230
20
100
110
85
825
210
650
280
35
35
Bromine
method
500
56
150
156
612
225
25
105
105
85
825
175
625
263
40
32
Difference
-12 .
11
5
6
24
- 5
5
5
- 5
0
0
-35
-25
-17
5
- 3
Mean 251 249, - 2'56
THE EFFECT OF ACTIVE SOIL CALCIUM ON THE SODIUM
HYDROXIDE-SOLUBLE PHOSPHORUS
Since the soil reaction appeared to be related to both the organic and
inorganic sodium hydroxide-soluble phosphorus, it seemed possible that
the active soil bases, such as calcium and magnesium, might be factors
in this relationship. Some of the phosphorus liberated by the sodium
hydroxide might be reprecipitated by calcium. The soil samples were
therefore treated with sodium acetate to remove exchangeable calcium
and the alkali-soluble phosphorus determined on these sodium-saturated
soils. (The results are1 reported in Appendices I and II.)
The relationship between the inorganic phosphorus and pH was no
longer significant, but it became significant if corrections were made for
the differences in carbon and clay contents, i.e. the partial regression
coefficient was significant in the multiple regression equation on pS.,
carbon and clay. The sodium acetate pre-treatment caused large increases
in the amounts of inorganic phosphorus extracted from many of the
neutral and calcareous soils, but often decreased the amount from acid
soils. The amount of change in the inorganic alkali-soluble phosphorus
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resulting from this pre-treatment with sodium acetate showed a significant
relation to the ^H of the original soils.
The pre-treatment with sodium acetate caused the amount of organic
phosphorus to be increased by nearly one-half. The relation between the
organic phosphorus and carbon still remained highly significant but the
effect of pH. was no longer significant.
The increase in inorganic alkali-soluble phosphorus in neutral soils
through pre-treatment with sodium acetate suggests that the distinction
between acid and neutral soils depends primarily on the calcium brought
into solution. The evidence also strongly indicates that the amount of
organic phosphorus extracted from soils by sodium hydroxide depends
on the calcium concentration.
ACID-SOLUBLE PHOSPHORUS REMAINING AFTER THE
SODIUM HYDROXIDE EXTRACTION
Extracting a soil with sodium hydroxide presumably left in the soil
basic calcium phosphates, which were estimated by extracting the
treated soils with 0-5 N sulphuric acid. For samples extracted directly
with sodium hydroxide without prior treatment with sodium acetate,
the acid-soluble phosphorus was found to increase by 8 % of the total
per unit increase in soil pH, the effect being highly significant. It is
probable that some of the phosphorus dissolved by the sulphuric acid
was from compounds formed by an interaction of the soil calcium with
the phosphorus set free during the alkali extraction. An attempt to
eliminate this was made by subtracting from the acid-soluble phosphorus
the difference between the values for alkali-soluble phosphorus determined
(a) directly, and (b) after previous treatment with sodium acetate. The
validity of this correction depends upon the assumption that the sum
of the acid- and alkali-soluble inorganic phosphorus is a constant (see
p. 239). The adjusted values of the acid-soluble phosphorus were not
significantly related to soil pTI values, but the general tendency was for
neutral soils to have more acid-soluble phosphorus than acid ones.
PHOSPHORUS INSOLUBLE IN SODIUM HYDROXIDE
AND SULPHURIC ACID
When the sum of the inorganic alkali-soluble, inorganic acid-soluble
(both without NaAc pre-treatment) and organic phosphorus (with NaAc
pre-treatment) is subtracted from the total phosphorus, a large per-
centage of the total still remains unaccounted for. In order to determine
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whether this insoluble fraction was a definite one, or merely the result
of incomplete extraction of the inorganic phosphorus, the following
different series of repeated extractions were compared:
(A) 0-25 N NaOH followed by two 0-5 N H2SO4 extractions.
(B) Two 0-25 N NaOH extractions followed by one 0-5 iV ELjSO*
extraction.
(C) 0-5 N H2SO4 followed by 0-25 N NaOH followed by 0-5 N H2SO4.
The results (Table III) show that additional extractions above those
originally proposed do not increase the total amount extracted to any
marked degree, indicating that this insoluble portion of the total
phosphorus is definitely inert.
Table III. Phosphorus fractions in parts per million with
repeated extractions in different orders
Soil no.
Treatment:
fNaOH
A^ H2SO,
fNaOH
B^ NaOH
fHsSO,
C-l NaOH
IH2SO4
Totals:
A
B
C
Total P in soil
1438
500
950
Trace
500
15
900
1190
215
20
1450
1415
1425
2750
1444
180
50
Trace
165
5
30
180
55
1
230
200
236
700
1314
65
145
Trace
65
25
135
125
35
1
210
225
161
750
1330
70
240
Trace
65
25
230
• 280
40
1
310
320
321
800
2935
60
515
Trace
60
25
550
550
130
Trace
575
635
680
1300
3334
105
50
Trace
105
5
40
100
50
1
150
150
151
350
3335
75
105
Trace
75
20
105
145
65
1
180
200
211
550
3329
525
75
Trace
450
130
25
45
440
10
600
605
495
2000
The insoluble phosphorus was the largest single fraction, the mean
for the thirty-four mineral soils was 43-2 % of the total phosphorus.
The proportion of insoluble phosphorus decreased as the proportion of
organic phosphorus and carbon increased.
PHOSPHORUS BY TRUOG'S METHOD
The Truog (1930) method for determining the readily available
phosphorus by means of 0-002 N H2SO4 buffered to pT& 3 was used. On
the thirty-four mineral soils the amount of phosphorus thus determined
increased significantly at the rate of 4 % of the total for unit increase
Journ. Agric. Sci. xxvm 16
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THE DISTRIBUTION OF PHOSPHORUS IN THE CLASSICAL PLOTS
AT EOTHAMSTED AND WOBURN
The classical continuous wheat plots at Rothamsted and barley plots
at Woburn offer an excellent opportunity for studying the residual effects
of continuous applications of superphosphate and dung. These soils have
different degrees of acidity, the Rothamsted soil being a slightly calcareous
clay loam (pH. 7-4-8-0) and the Woburn soil an acid sandy loam (yH 4-8-
6-0). The mineral manure plots at Rothamsted received 3-5 cwt. of
superphosphate per acre annually since 1843. The dunged plot received
annually 14 tons of farmyard manure per acre containing approximately
the same amount of phosphorus as was given to the mineral manure
plots. At Woburn the annual dressing was 3-5 cwt. of superphosphate
per acre for the first 30 years and 3-0 cwt. per acre for the next 20 years.
The dunged plot received an annual farmyard manure dressing which
contained an amount of phosphorus approximately equivalent to 2-5 cwt.
of superphosphate per acre.
Two sets of soil samples taken with an interval of 45 years between
them at both Rothamsted and Woburn were analysed by the proposed
system of fractionating the soil phosphorus. The results in Table IV for
the unmanured, minerals only, minerals and sulphate of ammonia, and
dung plots show distinct differences in the distribution of the phosphorus
in the two soil types. The Rothamsted soil had larger amounts of acid-
soluble phosphorus, and the Woburn soil larger amounts of alkali-soluble
phosphorus. This relationship held true after allowing for the calcium
effect. The insoluble fraction remained almost unchanged, showing that
the phosphorus applied to the soils as fertilizers remained only in forms
soluble in the alkali and acid treatments. The influence of phosphorus
fertilization on the organic phosphorus was not very- definitely shown,
but there was an indication that when both phosphorus and nitrogen
were present in abundance and the crop yields were high in consequence,
there was a greater accumulation of organic phosphorus.
METHODS OF ANALYSIS
Sodium hydroxide extract. Overnight 5 g. of soil were digested at 95° C.
with 100 c.c. 0-25 N NaOH, the suspension transferred to a 500 c.c.
volumetric flask, made to volume and allowed to stand 24 hours.
Kieselguhr decolorization of the NaOH extract. To a 50 c.c. aliquot of
supernatant alkali extract 2 c.c. of 6 N H2SO4 were added and the
solution heated until the precipitated humus coagulated. This solution
was then filtered into a 100 c.c. volumetric flask; the paper washed with
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hot water and the filtrate made to volume. A portion of the filtrate was
shaken a few minutes with kieselguhr (acid washed) and filtered.
Bromine decolorization of the NaOH extract. An aliquot (about 10 c.c.)
of the supernatant alkali extract was placed in a 100 c.c. flask, 5 c.c.
bromine water added, the solution boiled until the free bromine was
expelled, more bromine being added if the decolorization was not
complete. Five drops of 6 N H2SO4 were then added and the free bromine
boiled off. The cooled solution was filtered.
Total NnOfl-soluble phosphorus. A 10 c.c. aliquot of extract was
evaporated with 2 c.c. of 10% Mg(NO3)2, ignited, the residue dissolved
by digesting with 25 c.c. 0-5 N H2SO4 and the phosphorus determined on
an aliquot.
Acid-soluble phosphorus remaining after the NaOH extraction. The soil
after extraction with NaOH was used in this determination. All but
100 c.c. of the supernatant liquid in the volumetric flask was siphoned
off and discarded. The remaining suspension was carefully neutralized
to pH 7-0 with N HC1 using brom thymol blue as an outside indicator.
The suspension was then filtered on a Biichner funnel, the soil washed
with neutral 0-5 NaCl, the soil and filter paper transferred to a suitable
bottle and shaken 1 hr. with 250 c.c. of 0-5 N H^SO^ The acid-soluble
phosphorus was determined on an aliquot of the filtered extract.
Total soil phosphorus. The total soil phosphorus was determined by
fusing the soil with sodium carbonate and extracting the melt with water.
Phosphorus determination. All phosphorus determinations were made
colorimetrically by Truog & Meyer's (1929) modification of the Denige
method.
Carbon. The carbon was determined by the method of Walkley (1935).
pH. The pK was determined colorimetrically by the method of
Kuhn (1930).
DISCUSSION
The foregoing experiments have shown that by extraction with
sodium hydroxide, followed by an acid, it is possible to divide the
phosphorus compounds of soils into three broad fractions, viz.:
(1) Organic compounds soluble in sodium hydroxide.
(2) Inorganic compounds dissolved by extraction with sodium
hydroxide followed by an acid.
(3) Insoluble compounds.
It was found convenient to express the phosphorus fractions as a
percentage of total phosphorus, thus making possible a comparison of
soils of widely different total phosphorus contents.
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It was seen that in order to obtain a complete extraction of the
organic phosphorus it was necessary first to saturate the soils with
sodium and remove the replaceable calcium. On the average of the
thirty-four mineral soils after removing active calcium about 60% of
the alkali-soluble phosphorus was organic. This organic phosphorus in
soils is interesting since a mild bromine oxidation will not cause its
decomposition into inorganic phosphorus. Shorey (1913), Auten (1923),
and others have suggested that the organic phosphates of soils are
mostly nucleic acids and their derivatives. When nucleic acids are
oxidized under some, conditions they are converted into nucleotides and
no inorganic phosphorus is liberated. This may explain why the organic
phosphorus in the sodium hydroxide extracts resisted oxidation by
bromine. The fact that organic phosphorus in mineral soils is directly
related to the carbon or organic matter content may be taken to imply
that the organic phosphorus is mainly a function of plant and biological
activities.
A study of the solubility of inorganic phosphatic materials in sodium
hydroxide revealed that tricalcium phosphate and apatite were relatively
insoluble, while iron, aluminium, mono- and dicalcium phosphates were
soluble. Further, the presence of free calcium in solution caused a
marked depressing of the solubility of the otherwise soluble phosphorus.
The exchangeable calcium had a marked effect on the solubility of the
inorganic phosphorus in sodium hydroxide, especially with neutral to
calcareous soils. When these thirty-four different soils were first saturated
with sodium and the inorganic soluble phosphorus determined, about
60 % was soluble in sodium hydroxide and 40 % in acid. It is interesting
to note that all of the phosphorus applied to the continuous plots at
Rothamsted and Woburn can be extracted by the combined alkali-acid
treatment, and further, that the bulk of the phosphorus in the neutral
Rothamsted soil is not alkali-soluble, whereas in the acid Woburn soil
the bulk of the phosphorus is alkali-soluble. Reasoning by analogy,
much of the phosphorus in the neutral soil appear to be present as
tricalcium phosphate or apatite, and that in the acid soil as iron,
aluminum or mono- and dicalcium phosphates.
The present work does not allow us to decide whether the soluble
inorganic phosphorus in soils is present in association with the soil
colloids or as a mosaic throughout the soil mass. However, the fact
remains that-many neutral to calcareous soils contain much phosphorus
that is not present as apatite or hydroxyapatite and many acid soils
contain phosphorus which is probably in the form of apatites or. tri-
calcium phosphates. This would fayour the mosaic theory.,
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244 An Attempted Fractionation of the Soil Phosphorus
The presence of an insoluble and relatively inert fraction of the soil
phosphorus has been shown. The fact that this fraction did not change
after over 50 years of fertilization at Rothamsted and Woburn indicated
that it is relatively unimportant in problems of phosphate absorption.
It is quite possible that this fraction may form a part of the clay lattice
as suggested by Marshall (1935).
SUMMARY
1. Extractions of soils with sodium hydroxide, followed by an acid,
have been used in an attempt to fractionate the soil phosphorus.
2. Colorimetric methods for the estimation of the organic and
inorganic phosphorus in alkali soil extracts have been suggested.
3. The amount of soil phosphorus soluble in sodium hydroxide is
affected by the active soil calcium. It is suggested that sodium-saturated
soils be used when studying the alkali-soluble phosphorus.
4. The acid-soluble phosphorus remaining in soil after extraction
with sodium hydroxide was determined. This fraction appears by
analogy to be similar to the apatites.
5. The largest fraction of the total soil phosphorus was not dissolved
by the sodium hydroxide and acid extractions. This fraction was not
increased by the long-continued use of phosphatic fertilizers at Rotham-
sted and Woburn.
6. Relatively large amounts of organic phosphorus were found in
soils and the amounts were closely related to the carbon contents.
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